The accurate and inexpensive noninvasive assessment of the presence and severity of aortic stenosis remains a challenge. In this study, we performed spectral analysis on the murmurs of a group of patients with this disease in order to assess its severity. Design: An electronic stethoscope was used to generate a spectral analysis of murmurs in patients with aortic stenosis. The durations of the spectra at different frequencies (ie, 200, 250, and 300 Hz) were correlated to the Doppler echocardiogram-derived mean and peak pressure gradients. Heart murmurs from the patients were recorded, and the spectra of the recordings were produced via fast-Fourier transformation. The duration of the spectra above the three given frequencies was then measured. Patients: Forty-one patients (age range, 45 to 94 years; mean age, 68 years) met the inclusion criteria, which included a minimum ejection fraction of 40% and no other significant systolic murmur or coexistent valve disease. 
A ortic stenosis is a common disease that requires close monitoring of patients' hemodynamics. Although cardiac catheterization remains the most accurate method of diagnosing and assessing aortic stenosis, its cost and invasiveness make it an inappropriate test for serial monitoring of aortic stenosis severity. Doppler echocardiograms have been shown to accurately assess the severity of stenotic lesions by measuring jet velocities distal to the stenotic valve. However, the use of Doppler echocardiograms is not without problems. They are expensive and require a well-trained technician as well as a trained cardiologist for accurate assessment. 1 In the past, investigators have sought to employ other noninvasive techniques to evaluate aortic stenosis. [2] [3] [4] [5] [6] [7] [8] [9] [10] Since a harsh systolic murmur is the mostconstant clinical sign of aortic stenosis, inherent characteristics of the murmur including frequency, pitch, timing, and quality have been studied. [11] [12] [13] A previous study 3 that utilized spectral analyses for the assessment of severity has shown that dominant frequencies contained within the heart murmur are related to instantaneous jet velocities distal to the obstruction in stenotic cardiac lesions. Other investigators have used frequency analysis to estimate the severity of aortic stenosis. They have shown that the ratio of the higher frequency predictive area and the lower frequency control area under the frequency analysis curve correlate well with the peak systolic difference of aortic stenosis patients. 6, 7 These studies, however, require a precise and complicated setup to record high-quality sound. They also require that the filtering effect of the chest wall be minimized beyond what is practical. These difficulties make the methods in earlier studies difficult to reproduce and unsuitable for current practice settings where expedient and accurate results are required.
With advances in technology have come electronic forms of one of the most revered tools of clinicians, the stethoscope. These devices are able to combine ease of use with a seamless integration with computer technology. In this study, we have utilized a simple electronic stethoscope and a computer to generate a spectral display of the murmur. The duration of the murmur spectra then was measured across different frequencies. We sought to correlate the measured duration with our most accurate noninvasive tool, the Doppler echocardiogram, in order to test the hypothesis that the duration of the murmur spectra above a given frequency will correlate with Doppler echocardiogram-derived indexes, the peak and mean transvalvular pressure gradient.
Materials and Methods

Subject
Forty-one subjects with aortic stenosis were selected using criteria approved by the Institutional Review Board of St. Vincent Hospitals (Indianapolis, IN). Informed consent was obtained from each patient prior to participation. Inclusion criteria included a confirmed diagnosis of aortic stenosis via Doppler echocardiogram (the peak and mean pressure gradients across the stenotic aortic valve were calculated using a modified Bernoulli equation 14 -17 ). Integrating the time-velocity area, squaring this value, and then multiplying by four derived the mean gradient. The subjects included no other coexistent valvular disease, no other significant systolic murmur, and a near-normal ejection fraction (ie, Ͼ 40%) by echocardiogram performed within 3 months of study entry. Subjects with a history of myocardial infarction or coronary artery disease who met the above criteria were included in the study.
Recording Procedure
A quiet room was prepared for our recordings. We placed patients in the supine position and an initial evaluation was performed using a standard acoustic stethoscope. Then, the electronic stethoscope chest piece was used in the following four positions: right upper sternal border; left upper sternal border; left lower sternal border; and near the fifth intercostal space at the left midclavicular line.
The location of the chest piece was not necessarily determined by precise anatomic landmarks. Instead, traditional auscultation techniques were used to capture the loudest and clearest heart sound possible. The spectral analysis was performed on sounds obtained from a single area in each subject (ie, the location of maximum murmur intensity as assessed by auditory impression). In almost all instances, this area was the right upper sternal border. The bell chest piece was used in all of the recordings. Sounds from each of the four areas were recorded for 10 to 30 s.
Equipment
Recordings were made using an electronic stethoscope (eStation; Toronto, ON, Canada) connected to a portable computer (Dell Computer Corp; Round Rock, TX) with the signal processed through the computer's sound card.
Spectral Analysis
Recordings were analyzed (Cool Edit 2000; Syntrillium Software Corp; San Jose, CA), and the initial signal was processed (eStation) and routed to the computer, where it was converted into a format compatible with the analysis software. When signal clarity appeared to be suboptimal, a digital filter was used to suppress frequencies of Ͻ 150 Hz in order to clarify those at Ͼ 200 Hz. The recorded file was viewed in a waveform mode to determine the location of S 1 (Fig 1) . The localization of these sounds was necessary in order to exclude them from the subsequent frequency analysis.
All sound then was transformed to a spectral image using a fast Fourier transformation technique (Cool Edit 2000). Once the signal clarity was satisfactory, the spectra were printed (Deskjet 970 color printer; Hewlett-Packard; Palo Alto, CA) for actual measurements. Each spectrum was evaluated, and the duration of the signal at 200, 250, and 300 Hz was measured using a caliper (Fig 2) . This measurement was compared to the reference time line for conversion into milliseconds.
Data Analysis
The duration of a spectrum above each of three given frequencies was compared to the peak and mean transvalvular pressure gradient obtained by the Doppler echocardiogram.
Statistical Analysis
The measured duration and the peak and mean transvalvular pressure gradient obtained through Doppler echocardiogram were correlated using an exponential regression model. The regression model expressing the best correlation was obtained through a computer program (Excel; Microsoft; Redmond, WA) that calculates an exponential curve that fits the data and returns an array of values that best describe that curve.
Results
Population
Forty-one subjects (24 men and 17 women; mean age, 68 years; age range, 45 to 94 years) were examined ( 
Doppler Echocardiogram-Derived Measurements
The peak pressure gradients ranged from 15.3 to 185 mm Hg (mean gradient, 62.97 mm Hg). The mean pressure gradient ranged from 2.4 to 105 mm Hg (mean, 35.4 mm Hg).
Data Correlation and Statistical Analysis
After the recorded murmurs were converted into spectral analytical images, the durations were measured at three different frequencies (200, 250, and 300 Hz). The measured durations were correlated with the peak and mean pressure gradients.
The Doppler echocardiogram-derived peak pressure gradient correlated the best with the following r values: 200 Hz, r ϭ 0.80 (p Ͻ 0.001); 250 Hz, r ϭ 0.83 (p Ͻ 0.001); and 300 Hz, r ϭ 0.86 (p Ͻ 0.001) [ Table 2 ]. Figure 3 presents the relationship between the peak pressure gradient and signal duration at 300 Hz.
The Doppler echocardiogram-derived mean pressure gradient also correlated well, although not as Table 2 ].
Discussion
Previous studies 18, 19 have demonstrated that increasing severity of aortic stenosis prolongs the total duration of left ventricular ejection and also causes the systolic murmur to contain a greater proportion of higher frequency component waves. We hypothesized that combining elements of both ejection duration and frequency content may provide an enhanced means with which to assess stenosis severity. Our method extends the findings that have resulted from earlier attempts to quantify relative proportions of higher frequency murmur components 6, 7 and may prove more convenient to apply. Although appearing to correlate with peak flow velocities, peak frequency content is difficult to assess with current spectral techniques. Moreover, many subjects within this study, especially those with mild stenosis, possessed attenuated spectral patterns of Ͼ 300 Hz, which were not amenable to satisfactory analysis.
Our data showed good correlation between the Doppler echocardiogram-derived peak transvalvular pressure gradient and the duration of the murmur spectra at all three frequencies. Peak pressure gradients correlated best with our measured data for several likely reasons. As the transvalvular pressure gradient increases, the time it takes to eject a given volume also increases. This is reflected as the increase in duration of the systolic murmur. Since we measured the duration of the murmur at a given frequency, the relationship between the Doppler echocardiogram-derived transvalvular gradient and the duration of its spectral content is predictable.
Clinicians have long been able to gain an impression of the severity of aortic stenosis simply by judging the auditory duration of a given murmur. Frequency analysis can complement this evaluation, because it quantifies a specific characteristic of the harsh systolic murmur, which is beyond the capability of human hearing. The spectral recording provides a visual display of the duration and frequency at the same time. Of the three frequencies we studied, the measured duration of spectra at 300 Hz had the greatest correlation with the Doppler echocardiogram-measured peak transvalvular gradient. The r value progressively declined as the analyzed frequency reference level became lower. In reviewing the spectral images further, we found that there was less variation between subjects at lower frequency levels. The cause for the apparent reduction of accuracy in this group is uncertain. It may have been partially attributable to difficulty in separating portions of the S 1 from the early part of the murmur at lower frequency levels. The mean transvalvular pressure gradient also correlated best with the measured duration at 300 Hz. However, the overall correlation was not as strong as the correlation with the peak transvalvular pressure gradient.
The high correlation between the measured duration at 300 Hz and the Doppler echocardiogramderived peak transvalvular pressure gradient should be clinically useful. For example, a physician who sees a patient and discovers a new systolic murmur may use this simple technique to assess initially the presence and severity of aortic stenosis. A patient with known aortic stenosis may be observed periodically by monitoring the change in spectral duration. A significant increase in the duration of the murmur may signal increasing aortic stenosis severity, thus prompting a more thorough investigation. Similarly, since it is known that a significant decrease in left ventricular function results in a reduction of murmur intensity, a drop in murmur duration also may suggest that a further evaluation is needed. This method employs a simple setup that consists of an electronic stethoscope and a standard desktop or laptop computer, which contains readily available and inexpensive software. In addition to being simple, this method requires little time and expertise and allows for the rapid analysis of murmurs at the recording site. Alternatively, the sounds can be quickly transmitted telephonically to distant sites for analysis. Unlike previous studies, this setup is easily adaptable to the everyday clinical setting. Electronic stethoscopes are relatively inexpensive and widely available, as are computers. The software used to convert the murmur to spectral images and to measure the murmur duration is inexpensive and easily obtained. Furthermore, even though our data collection required a physical link between the electronic stethoscope and the computer, a wireless means of transferring data between the electronic stethoscope and the computer has since become available. It is also worth noting that, during the recording sessions, none of the recordings took longer than approximately 5 min, and no special preparation was needed to obtain useful recordings.
Limitations and Further Studies
Although our data showed a high level of correlation with the Doppler echocardiogram-derived indexes, we found several limitations of our study. The most obvious is that the Doppler echocardiogram, despite being the "gold standard" of noninvasive diagnostic techniques for aortic stenosis, represents a derived estimate of severity. Thus, our technique also possesses the same limitations as those of the Doppler echocardiogram-derived indexes.
In addition, we made no attempts to distinguish between innocent ejection murmurs and those attributable to aortic stenosis. However, our preliminary observations suggest that murmurs of the former group, as in the example of very mild stenosis, demonstrate the absence of sustained high frequencies. 20, 21 In performing a visual analysis of spectral displays, some difficulty was encountered in locating the end points of the S 1 . Depending on where one designates the S 1 , the measured duration of the murmur may be influenced, since the murmur of aortic stenosis in the spectral image begins at or near the terminal section of S 1 . Therefore, considerable care must be exercised in identifying these points.
We also did not include other patients with significant concomitant valvular disease such as tricuspid or mitral regurgitation. The effects of the murmurs created by other valvular diseases remain to be studied.
The effect of significantly decreased left ventricular function on an observed correlation also requires study in order to make this technique applicable to those who have previously manifested reduced systolic function and/or cardiac decompensation.
In order to make our setup and technique more adaptable to the clinical setting, an immediate conversion of the recording to a spectral image, and perhaps the nearly instantaneous calculation of estimated pressure gradient, are needed. Currently, there are many devices under development that can display a spectral image of a murmur almost instantaneously. Further development and refinement will definitely simplify and increase the likelihood of its use in today's busy clinical practices.
In conclusion, our study showed a high level of correlation between a murmur duration of Ͼ 300 Hz and both the peak and mean Doppler echocardiogram-derived transvalvular aortic pressure gradient. Thus, we believe that this may be developed as a simple and effective diagnostic tool with which to assess and monitor the severity of valvular aortic stenosis.
